In the field of renewable energy, feedstock such as cellulosic biomass has been proposed as a renewable source of fuel to produce energy. However, the use of raw biomass as feedstock causes high costs in handling, transportation, and storage. Compressing raw cellulosic biomass into pellets significantly increases the density and durability of cellulosic biomass, reducing the transportation and handling costs of feedstock. To ensure high pellet quality, high pellet density and durability are desired during a compressing process. In this study, ultrasonic vibration-assisted (UV-A) pelleting, as a novel pelleting method, was applied to measure pellet density and durability during experiments. Response surface methodology (RSM) was employed to investigate the effects of pelleting time, ultrasonic power, and pelleting pressure on the pellet density and pellet durability. The model was validated by comparing the predictive results with experimental data and demonstrated a good predictive ability (R 2 > 0.95). By employing a Derringer and Suich's desirability function, our results suggest that the optimal pellet density and durability are 1239 kg/m 3 and 93%, respectively, when the pelleting time was set to 44 s, the ultrasonic power was set to 50%, and pressure was set to 42 psi (289,580 Pa).
Introduction
Extensive usage of petroleum transportation fuels has urged research in renewable energy to seek strategies which can provide the reliable supply of liquid transportation fuels and reduce greenhouse gas emissions [1] [2] [3] [4] . In the United States, more than 30% of the current petroleum consumption can be replaced by cellulosic ethanol [5] . This type of replacement could ameliorate the long-lasting environment issues and economic burden. Compared with sugar-based feedstock (for example, sugar rave) and starch-based feedstock (for example, corn), cellulosic biomass does not compete with these agricultural productions for a limited land source [6] .
There are some barriers to achieving cost-effective cellulosic ethanol manufacturing. A major barrier is the low density of cellulosic biomass, ranging from 40 to 250 kg/m 3 [7] , which causes high expenses during handling, transportation, and storage. Pelleting, which compresses biomass into a uniform shape and size of pellets can significantly increase the density of cellulosic biomass over 1200 kg/m 3 [7] [8] [9] . In turn, the costs associated with the transportation and storage are significantly reduced to less than a factor of two and ten of those of raw biomass, respectively [10, 11] .
Existing biomass briquette manufacturing needs high-temperature steam and/or binder materials to produce pellets [7, 12] . As a new pelleting method, Ultrasonic vibration-assisted (UV-A) pelleting can produce pellets of 1000 kg/m 3 without requiring the conditions such as high-temperature steam and binder materials [6] . In addition, our previous studies demonstrated that the sugar yield of biomass processed by UV-A pelleting was 20% higher than the biomass not processed by UV-A pelleting [13] .
The pellet density and durability are used as two criteria to evaluate pellet quality in the UV-A pelleting. Pellets with high densities are expected for avoiding the high expenses and dust emissions during transportation [14] . On a similar note, the high pellet durability is also required for reducing a risk of dust emissions and potential fire explosions during pelleting handling and storage [15] . Thus, the high pellet density and durability are desirable simultaneously because the pellet density and pellet durability are not dependent on each other [16] .
The existing literature showed that pelleting time, pelleting pressure, and ultrasonic power is highly correlated with the pellet quality and durability [17] [18] [19] [20] [21] [22] [23] . The effect of single input variables on pellet density and durability was investigated each time in the experiments [18] . The response surface methodology (RSM) has been widely applied to investigate the cause-and-effect relationships in various research areas including the physical, biological, and social sciences, as well as engineering [24] . The core idea of this method is to implement an experimental design, model testing procedures, and optimization techniques to study the effects of multiple process variables on response variables with the least number of experiments [24] . To the best of our knowledge, the modeling of pellet density and durability simultaneously using RSM has not been fully investigated in previous studies. In this paper, we developed quantitative models to predict both pellet density and pellet durability in UV-A pelleting.
To develop the models, a central composite experimental design was employed to conduct experiments. Then, the experimental results were used to construct regression models. Finally, the optimization techniques were applied to identify the values of a combination of three input variables (pelleting time, pressure, and ultrasonic power) for achieving desirable pellet density and pellet durability. Thus, the objectives of this research are (1) to establish a mathematical model for pellet density and durability, considering the input parameters including pelleting time, pelleting pressure, and ultrasonic power; (2) to study the main effects and interaction effects of three inputs parameters (pelleting time, ultrasonic power, and pelleting pressure) on pellet density and durability; (3) to compare the simulation results with experimental results; (4) to optimize the process parameters for maximizing the pellet density and durability simultaneously using Derringer and Suich's desirability function.
Materials and Methods

Material Preparation
The raw materials, sorghum stalks, were chopped to about 17-23 cm using a tub grinder (Model haybuster H-1150 series, DaraTech Industries International Inc., Jamestown, ND, USA). A cutting mill (model SM 2000, Retsch, Inc., Haan, Germany) with a set of rotating blades inside a chamber was used to further process the chopped sorghum stalk into fine particles. A sieve with screen size 1 mm in the cutting mill was used to control sorghum stalk particle size. The moisture content (MC) of biomass particles was measured by following an NREL laboratory analytical procedure [25] . About 10 grams (g) of biomass was placed in an aluminum weighing dish and dried in an oven at 105 • C for 24 h. The weight of the biomass was recorded after oven drying. The MC was calculated as follows: MC = weight before drying − weight after drying weight before drying × 100% (1)
Experimental Setup
The experimental setup of UV-A pelleting is schematically illustrated in Figure 1 . UV-A pelleting experiments were performed on a modified ultrasonic machine (Model AP-1000, Sonic-Mill, Albuquerque, NM, USA), which consisted of three subsystems including a pneumatic loading system, an ultrasonic generation system, and a biomass holding system.
Energies 2018, 11, x 3 of 18 MC = weight before drying − weight after drying weight before drying × 100% (1)
The experimental setup of UV-A pelleting is schematically illustrated in Figure 1 . UV-A pelleting experiments were performed on a modified ultrasonic machine (Model AP-1000, SonicMill, Albuquerque, NM, USA), which consisted of three subsystems including a pneumatic loading system, an ultrasonic generation system, and a biomass holding system. In the pneumatic loading system, an air compressor (1.2 kW, 125 L, Sears, Roebuck and Co., Hoffman Estates, IL, USA) provided compressed air for a pneumatic cylinder. The pneumatic cylinder connected to the air compressor pushed the pelleting tool against the biomass in the mold. The air pressure in the pneumatic cylinder can be regulated by a pressure regulator, which can determine the magnitude of the compression pressure applied on the sorghum stalk particles.
The ultrasonic generation system consisted of three major parts: a power supply (which converts 60 Hz electrical power into 20 kHz electrical power), a converter (which converts high-frequency electrical energy into mechanical motion), and a titanium pelleting tool (which is connected to the converter and used to compress biomass).
In the biomass holding system, the aluminum mold was made in three separate parts which were assembled together with pins. The top two parts formed a hollow cylinder (18.6 mm in inner diameter) and the bottom part served as a base. The mold was clamped by a fixture which was mounted on a machine table, as demonstrated in Figure 1 .
The major process of UV-A pelleting is explained as follows. A quantity of 2 g of sorghum stalk particles was loaded into the center cavity of the mold. The titanium tool was fed down to compress the sorghum stalk particles at a certain feed rate. The tool was mounted to a tool holder that was connected to an ultrasonic converter that provided ultrasonic vibrations to the sorghum stalk In the pneumatic loading system, an air compressor (1.2 kW, 125 L, Sears, Roebuck and Co., Hoffman Estates, IL, USA) provided compressed air for a pneumatic cylinder. The pneumatic cylinder connected to the air compressor pushed the pelleting tool against the biomass in the mold. The air pressure in the pneumatic cylinder can be regulated by a pressure regulator, which can determine the magnitude of the compression pressure applied on the sorghum stalk particles.
The major process of UV-A pelleting is explained as follows. A quantity of 2 g of sorghum stalk particles was loaded into the center cavity of the mold. The titanium tool was fed down to compress the sorghum stalk particles at a certain feed rate. The tool was mounted to a tool holder that was connected to an ultrasonic converter that provided ultrasonic vibrations to the sorghum stalk particles. After a predetermined pelleting time, the tool was retracted and the pellet was taken out from the dissembled mold.
Experimental Design
Three input variables (pelleting time, pressure, and ultrasonic power) were selected to produce a qualified pellet which could stay in a condensed cylindrical shape without cracks. Pelleting time was referred to as the duration when the pelleting tool was compressing biomass particles in the presence of ultrasonic vibration. A stopwatch was used to record the pelleting time during the experiments. The pressure produced by the air pressure in the pneumatic cylinder can be adjusted by the pressure regulator. A power supply provided ultrasonic power to control the vibration amplitude of the pelleting tool. The selected ultrasonic power was expressed as a percentage of the maximum ultrasonic power from 0% to 100%.
A central composite experimental design was employed to obtain a model using response surface technology [26] . The design contained 20 tests that consisted of three process variables and corresponding values of output variables, as shown in Table 1 . Both linear and nonlinear models were applied to fit into the experimental data. The predictive ability of the linear models was weak because the p-value of the lack of fit F-test was less than 0.05 (that is, the linear models failed to describe the quantitative relationships between the inputs and outputs). Second-order polynomial models were chosen and used to calibrate the pellet density and durability based on the lack of fit in the F-test and R-squared statistical measures. The results were incorporated into Equation (2) and analyzed using Design Expert (StatEase, Inc., Minneapolis, MN, USA): 
Measurement of Pellet Density and Durability
The density of a pellet was calculated by the ratio of its mass over its volume. The weight of the pellet was measured with an electronic scale (Ohaus, Pine Brook, NJ, USA), and the pellet weight was converted to pellet mass (m) in Equation (3) . Since the produced pellet was a cylinder, the volume of the pellets was obtained by measuring the height and diameter of the pellets with a caliper.
In Equation (3), H represents the pellet height and the pellet diameter (D) equals the diameter of the mold cavity (18.6 mm).
The pellet durability is the ability of the pellet to withstand impact and other forces encountered during handling and transportation [27] , which was measured based on the ASABE standard S269.4 [28] with one modification. A quantity of 100 g of pellets, processed by UV-A pelleting, were kept tumbling inside a pellet durability tester (Seedburo Equipment, Des Plaines, IL, USA) with a rotation speed of 50 rpm. After tumbling for 10 min, pellets were taken out and sieved through a U.S. No. 6 sieve with a hole diameter of 3.15 mm. Then, the following Equation (4) was employed to calculate the pellet durability index:
Pellet durability = Weight of remaining pellets after sieving Weight of pellets before tumbling
Both pellet density and pellet durability were recorded in three replications, and the average value of the three measurements was calculated and displayed in Table 1 .
Results and Discussion
Response Surface Model of Pellet Density
By fitting the experimental data (as shown in Table 1 ) into Equation (2), a second-order polynomial model for the pellet density was obtained as follows:
where A, B, and C represents pelleting time, pelleting pressure, and ultrasonic power, respectively. The values of pelleting time, pelleting pressure, and ultrasonic power in Equation (5) can range from 20 s to 70 s, 18.5 psi to 50.5 psi, and 16.5% to 58.5%, respectively. The test statistics in Table 2 indicated that the model is highly statistically significant (p-value of Model test statistics < 0.0001, and the highly statistically significance is marked using asterisk in Tables 2, 3 , 5, and 6). However, the terms AB, AC, BC, and C 2 is not statistically significant (p-value > 0.05). To avoid the model overfitting, these insignificant terms were removed from Equation (5) and thus, the following reduced model was proposed to calculate the pellet density.
Density (reduced) = −220.49
where A, B, and C represent pelleting time, pelleting pressure, and ultrasonic power, respectively. The values of pelleting time, pelleting pressure, and ultrasonic power in Equation (6) can range from 20 s to 70 s, 18.5 psi to 50.5 psi, and 16.5% to 58.5%, respectively. Based on the new analysis of variance (ANOVA) table (as shown in Table 3 ), the reduced model is also highly statistically significant (p-value < 0.0001). Moreover, the ANOVA showed that pelleting time, pelleting pressure, and ultrasonic power significantly affected pellet density in UV-A pelleting. The coefficient of determination (the ratio of the explained variation to the total variation) R 2 is equal to 0.96, which is comparable to the full model (R 2 = 0.96 in the reduced model versus R 2 = 0.97 in the full model). This indicates that the reduced model can still provide good predictions. In addition, the lack of fit of the F test indicated that the model has a good agreement with the experimental data (p-value = 0.122). The model demonstrated that the pellet density can be predicted based on the process parameters as long as these parameters varied within the ranges of the designed experiments in this study. 
Predicted Effects of Pelleting Time, Ultrasonic Power, and Pelleting Pressure on Pellet Density
To calculate the pellet density, the values of the input variables in Table 1 need to be incorporated into Equation (6) . The predicted values of pellet density under various conditions are demonstrated in Figures 2-4. As shown in Figure 2a , the pellet density increased as the pelleting time increased from 30 s to 60 s for different levels of ultrasonic power. The pellet density increased gradually and then became stabilized over the pelleting time. Figure 2b shows a comparison between the predicted pellet density and the experimental results at different levels of pelleting time while the pelleting pressure was kept at 34.5 psi (237,869.1 Pa) and ultrasonic power was kept at 37.5%. The kinetics of the pellet density calibrated from Equation (6) agree well with experimental results. From both the model and experimental data, the pellet density increased by 16.5% as the pelleting time increased from 20 s to 45 s, and the pellet density increased by a further 2.8% as the pelleting time proceeded from 45 s to 70 s, respectively. The magnitude of the increase in the pellet density declined since the pellet was observed to fail to be significantly condensed at a late stage of pelleting (from 45 s to 70 s). Figure 3a demonstrated how ultrasonic power influenced pellet density in UV-A pelleting, as predicted by Equation (6) . The pellet density was almost linearly increased as the ultrasonic power increased. As the ultrasonic power increased from 25% to 50%, the pellet density for various levels of pelleting pressure also increased when the pelleting time equaled to 45 s. Figure 3b shows a comparison of pellet density between the experimental and model results at multiple levels of ultrasonic power when the pelleting pressure was kept at 34.5 psi (237,869.1 Pa), and the pelleting time was kept at 45 s. The pellet density increased by 38.2% (from 925.0 kg/m 3 to 1278.2 kg/m 3 ) as the ultrasonic power increased from 16.5% to 58.5%. The relationship between pellet density and ultrasonic power is almost linear as the ultrasonic power range from 16.5% to 58.5%, which matches with the trend in the experiments (denoted by the green line). A similar trend was reported in our previous study [18] , which showed that there is a significant increase in the pellet density when ultrasonic power increased from 30% to 50%. Using other types of biomass materials such as wheat straw and switchgrass, Nottingham et al. [19] , Song et al. [20] , Zhang et al. [22] , and Fan et al. [23] presented a similar relationship between the pellet density and ultrasonic power in UV-A pelleting. One can refer to these studies for additional information. Figure 3a demonstrated how ultrasonic power influenced pellet density in UV-A pelleting, as predicted by Equation (6) . The pellet density was almost linearly increased as the ultrasonic power increased. As the ultrasonic power increased from 25% to 50%, the pellet density for various levels of pelleting pressure also increased when the pelleting time equaled to 45 s. Figure 3b shows a comparison of pellet density between the experimental and model results at multiple levels of ultrasonic power when the pelleting pressure was kept at 34.5 psi (237,869.1 Pa), and the pelleting time was kept at 45 s. The pellet density increased by 38.2% (from 925.0 kg/m 3 to 1278.2 kg/m 3 ) as the ultrasonic power increased from 16.5% to 58.5%. The relationship between pellet density and ultrasonic power is almost linear as the ultrasonic power range from 16.5% to 58.5%, which matches with the trend in the experiments (denoted by the green line). A similar trend was reported in our previous study [18] , which showed that there is a significant increase in the pellet density when ultrasonic power increased from 30% to 50%. Using other types of biomass materials such as wheat straw and switchgrass, Nottingham et al. [19] , Song et al. [20] , Zhang et al. [22] , and Fan et al. [23] presented a similar relationship between the pellet density and ultrasonic power in UV-A pelleting. One can refer to these studies for additional information. Figure 3a demonstrated how ultrasonic power influenced pellet density in UV-A pelleting, as predicted by Equation (6) . The pellet density was almost linearly increased as the ultrasonic power increased. As the ultrasonic power increased from 25% to 50%, the pellet density for various levels of pelleting pressure also increased when the pelleting time equaled to 45 s. Figure 3b shows a comparison of pellet density between the experimental and model results at multiple levels of ultrasonic power when the pelleting pressure was kept at 34.5 psi (237,869.1 Pa), and the pelleting time was kept at 45 s. The pellet density increased by 38.2% (from 925.0 kg/m 3 to 1278.2 kg/m 3 ) as the ultrasonic power increased from 16.5% to 58.5%. The relationship between pellet density and ultrasonic power is almost linear as the ultrasonic power range from 16.5% to 58.5%, which matches with the trend in the experiments (denoted by the green line). A similar trend was reported in our previous study [18] , which showed that there is a significant increase in the pellet density when ultrasonic power increased from 30% to 50%. Using other types of biomass materials such as wheat straw and switchgrass, Nottingham et al. [19] , Song et al. [20] , Zhang et al. [22] , and Fan et al. [23] presented a similar relationship between the pellet density and ultrasonic power in UV-A pelleting. One can refer to these studies for additional information.
The effects of pelleting pressure on the pellet density in UV-A pelleting can also be calculated using Equation (6) . As demonstrated in Figure 4a , an increase in the pellet density was observed when the pelleting pressure increased from 25 psi (172,369 Pa) to 44 psi (303,369 Pa) for different levels of pelleting time. However, the increase in pellet density induced by pellet pressure is not linear. This indicates that the pellet density may not be further increased after a certain level of pelleting pressure (for example, 44 psi). The reason for this is due to the fact that the pellet in the mold cannot be further condensed when the pellet pressure exceeded a certain level (for example, 44 psi). Figure 4b shows the predicted results of the pellet density that matched well with experimental results at different levels of pelleting pressure while the ultrasonic power was kept at 37.5%, and the pelleting time was kept at 45 s. It can be seen that the pellet density increased when the pelleting pressure increased. Although the experimental result is slightly higher than the simulation result as pelleting pressure increased from 34.5 psi (237,869.1 Pa) to 50.5 psi (348,185.2 Pa), the trend of the relationship between pellet density and pelleting pressure still agrees well with that trend determined by our experimental data. Furthermore, previous studies [18, 20, 22, 23] indicated that the pellet density increased dramatically as the pelleting pressure increased from 20 to 50 psi (137,895 to 344,738 Pa). To further validate our results, the relationship between the pelleting pressure and pellet density using other pelleting methods and biomass materials was summarized in Table 4 . As demonstrated in Table 4 , the pelleting pressure had positive effects on pellet density (an increase in the pelleting pressure and pellet density was denoted by an upward arrow). The effects of pelleting pressure on the pellet density in UV-A pelleting can also be calculated using Equation (6) . As demonstrated in Figure 4a , an increase in the pellet density was observed when the pelleting pressure increased from 25 psi (172,369 Pa) to 44 psi (303,369 Pa) for different levels of pelleting time. However, the increase in pellet density induced by pellet pressure is not linear. This indicates that the pellet density may not be further increased after a certain level of pelleting pressure (for example, 44 psi). The reason for this is due to the fact that the pellet in the mold cannot be further condensed when the pellet pressure exceeded a certain level (for example, 44 psi). Figure 4b shows the predicted results of the pellet density that matched well with experimental results at different levels of pelleting pressure while the ultrasonic power was kept at 37.5%, and the pelleting time was kept at 45 s. It can be seen that the pellet density increased when the pelleting pressure increased. Although the experimental result is slightly higher than the simulation result as pelleting pressure increased from 34.5 psi (237,869.1 Pa) to 50.5 psi (348,185.2 Pa), the trend of the relationship between pellet density and pelleting pressure still agrees well with that trend determined by our experimental data. Furthermore, previous studies [18, 20, 22, 23] indicated that the pellet density increased dramatically as the pelleting pressure increased from 20 to 50 psi (137,895 to 344,738 Pa). To further validate our results, the relationship between the pelleting pressure and pellet density using other pelleting methods and biomass materials was summarized in Table 4 . As demonstrated in Table 4 , the pelleting pressure had positive effects on pellet density (an increase in the pelleting pressure and pellet density was denoted by an upward arrow). 
Response Surface Model for Pellet Durability
To develop a response surface model for pellet durability, a second-order polynomial model (as shown in Equation (2)) was fitted by the experimental results in Table 1 . A predictive model for pellet durability is firstly proposed as follows:
where A, B, and C represent pelleting time, pelleting pressure, and ultrasonic power, respectively. The values of pelleting time, pelleting pressure, and ultrasonic power in Equation (7) can range from 20 s to 70 s, 18.5 psi to 50.5 psi, and 16.5% to 58.5%, respectively. The test statistics in Table 5 indicate that the model is highly statistically significant (p-value < 0.0001). Furthermore, the ANOVA showed that pelleting time, pelleting pressure, and ultrasonic power significantly affected the values of pellet durability in UV-A pelleting. However, the terms AB and BC are not statistically significant (p-value > 0.05). To avoid the model overfitting, these insignificant terms were removed from Equation (7), and thus, the following reduced model was then proposed to predict the pellet durability.
where A, B, and C represent pelleting time, pelleting pressure, and ultrasonic power, respectively. The values of pelleting time, pelleting pressure, and ultrasonic power in Equation (8) can range from 20 s to 70 s, 18.5 psi to 50.5 psi, and 16.5% to 58.5%, respectively. The new ANOVA table (as shown in Table 6 ) based on the reduced model suggests that the pellet durability is highly corrected to the pelleting time, pelleting pressure, ultrasonic power, and the combined effect of pelleting time and ultrasonic power (p-value < 0.0001). It is worthwhile to point out the p-value of the lack of fit F test significantly decreased from 0.2046 (in the full model) to 0.1173 (in the reduced model). The decrease in the p-value of the lack of fit F test indicates that the reduced model fitted less in the experimental data, compared to the full model. To have a more accurate prediction, a full model was employed to calculate the pellet durability in the next section. 
Predicted Effects of Pelleting Time, Ultrasonic Power, and Pelleting Pressure on Pellet Durability
To calculate the pellet durability, the values of the input variables in Table 1 need to be incorporated into Equation (7) . The effects of pelleting time on pellet durability were predicted by Equation (7) and the results were depicted in Figure 5a . It was observed that there was an increase in pellet durability as the pelleting time increased at lower ultrasonic power (16.5%, 25%, and 37.5%). The pellet durability slightly increased and then decreased at a higher ultrasonic power (50%). When the ultrasonic power was fixed to 58.5%, the pellet durability decreased as the pelleting time increased. The decrease in pellet durability may be due to charring. Charring during the pelleting process can significantly reduce the quality of pellets [39] . High ultrasonic power with long pelleting time resulted in high temperature and could eventually lead to charring [17] . The predicted pellet durability was compared with the experimental results at different levels of pelleting time while the pelleting pressure was kept at 34.5 psi (237,869.1 Pa) and ultrasonic power was kept at 37.5%, as shown in Figure 5b . The kinetics of predicted pellet durability matched well with the trend determined by experiments. Both the model and experimental data showed that the pellet durability increased by 23.5% as the pelleting time increased from 20 s to 45 s, and the pellet durability increased by a further 2.4% as the pelleting time proceeded from 45 s to 70 s, respectively. The same trend was reported by Nottingham et al. [19] who found that an increase in pelleting time from 30 s to 50 s induced an increase in pellet durability. Utilizing Equation (7), the effects of ultrasonic power on the pellet durability in UV-A pelleting were investigated. As shown in Figure 6a , an escalation in ultrasonic power led to an increase in pellet durability when ultrasonic power increased from 25% to 50% for different levels of pelleting pressure. Furthermore, the predicted pellet durability was compared to the experimental results when various levels of ultrasonic power were applied. Figure 6b demonstrated that the relationship between the predicted pellet durability and the ultrasonic power matched well with the trend determined by the experiments. It was observed that the ultrasonic power increased from 16.5% to 37.5% when pellet durability increased by 60.2% (from 53.8% to 86.2%). As ultrasonic power further increased from 37.5% to 58.5%, the pellet durability had only a slight increase (from 86.2% to 87.7%). This result indicates that a higher ultrasonic power may not be necessary for improving the pellet durability. This finding could help avoid an enhanced energy consumption (high ultrasonic power leads to a high energy consumption based on our previous study [40] ) in future experiments. Zhang et al. [18] reported that there is an increase in pellet durability of sorghum stalk when ultrasonic power increased from 30% to 50%. The similar results between ultrasonic power and pellet durability were also reported by Tang et al. [21] , Zhang et al. [22] , Fan et al. [23] , and Nottingham et al. [19] in UV-A pelleting of wheat straw and switchgrass. Figure 7a demonstrated that there is an increase in pellet durability when the pelleting pressure increased from 25 psi to 44 psi (172,369 to 303,369 Pa) for different levels of pelleting time. Figure 7b shows the comparison of the relationship between pellet durability and the pelleting pressure between experimental results and model results. As demonstrated in Figure 7b , the relationship between the predicted pellet durability and pelleting pressure matched well with the trend determined by experiments. The pellet durability increased from 79.4% to 87.8% when the pelleting pressure increased from 18.5 psi to 34.5 psi (127,533 to 237,869.1 Pa) and then became stable when the pelleting pressure increased from 34.5 psi to 50.5 psi (237,869.1 to 348,185.2 Pa). It can be concluded that the pelleting pressure has positive effects on pellet durability. Similar results were also reported by Feng et al. [17] , Zhang et al. [18] , and Tang et al. [21] in the UV-A pelleting of wheat straw and sorghum stalk. Besides, the effects of pelleting pressure on pellet durability using other pelleting methods and other biomass materials were summarized, as shown in Table 7 . It seems that there is a positive correlation between an increase in pellet durability and an increase in pelleting pressure (an increase in pelleting pressure and pellet durability was denoted by an upward arrow). Utilizing Equation (7), the effects of ultrasonic power on the pellet durability in UV-A pelleting were investigated. As shown in Figure 6a , an escalation in ultrasonic power led to an increase in pellet durability when ultrasonic power increased from 25% to 50% for different levels of pelleting pressure. Furthermore, the predicted pellet durability was compared to the experimental results when various levels of ultrasonic power were applied. Figure 6b demonstrated that the relationship between the predicted pellet durability and the ultrasonic power matched well with the trend determined by the experiments. It was observed that the ultrasonic power increased from 16.5% to 37.5% when pellet durability increased by 60.2% (from 53.8% to 86.2%). As ultrasonic power further increased from 37.5% to 58.5%, the pellet durability had only a slight increase (from 86.2% to 87.7%). This result indicates that a higher ultrasonic power may not be necessary for improving the pellet durability. This finding could help avoid an enhanced energy consumption (high ultrasonic power leads to a high energy consumption based on our previous study [40] ) in future experiments. Zhang et al. [18] reported that there is an increase in pellet durability of sorghum stalk when ultrasonic power increased from 30% to 50%. The similar results between ultrasonic power and pellet durability were also reported by Tang et al. [21] , Zhang et al. [22] , Fan et al. [23] , and Nottingham et al. [19] in UV-A pelleting of wheat straw and switchgrass. Figure 7a demonstrated that there is an increase in pellet durability when the pelleting pressure increased from 25 psi to 44 psi (172,369 to 303,369 Pa) for different levels of pelleting time. Figure 7b shows the comparison of the relationship between pellet durability and the pelleting pressure between experimental results and model results. As demonstrated in Figure 7b , the relationship between the predicted pellet durability and pelleting pressure matched well with the trend determined by experiments. The pellet durability increased from 79.4% to 87.8% when the pelleting pressure increased from 18.5 psi to 34.5 psi (127,533 to 237,869.1 Pa) and then became stable when the pelleting pressure increased from 34.5 psi to 50.5 psi (237,869.1 to 348,185.2 Pa). It can be concluded that the pelleting pressure has positive effects on pellet durability. Similar results were also reported by Feng et al. [17] , Zhang et al. [18] , and Tang et al. [21] in the UV-A pelleting of wheat straw and sorghum stalk. Besides, the effects of pelleting pressure on pellet durability using other pelleting methods and other biomass materials were summarized, as shown in Table 7 . It seems that there is a positive correlation between an increase in pellet durability and an increase in pelleting pressure (an increase in pelleting pressure and pellet durability was denoted by an upward arrow). 
Interaction Effects on Pellet Durability
In this section, the interaction effects including the interaction effect between pelleting time and pelleting pressure, the interaction effect between pelleting time and ultrasonic power, and the 
In this section, the interaction effects including the interaction effect between pelleting time and pelleting pressure, the interaction effect between pelleting time and ultrasonic power, and the interaction effect between pelleting pressure and ultrasonic power on pellet durability were investigated. As shown in Figure 8a , the pellet durability increased from 86.8% to 91.4% (increased by 5.3%) at a higher pelleting time level (60 s), and increased from 72.8% to 80.7% (increased by 10.9%) at a lower pelleting time level (30 s) due to the interaction effects between pelleting time and pelleting pressure, when pelleting pressure increased from 25 to 44 psi (172,369 to 303,369 Pa). It can be concluded that the effects of pelleting pressure on pellet durability were more significant at the lower level of pelleting time.
As shown in Figure 8b , the pellet durability increased from 80.5% to 88.7% (increased by 10.2%) at a higher pelleting time level (60 s), and increased from 54.7% to 90.9% (increased by 66.2%) at a lower pelleting time level (30 s) due to the interaction effects between pelleting time and ultrasonic power, when the ultrasonic power increased from 25% to 50%. It can be concluded that the effects of ultrasonic power on the pellet durability were more significant at the lower level of pelleting time.
As shown in Figure 8c , the pellet durability increased from 73.8% to 92.7% (increased by 25.6%) at a higher pelleting pressure level (44 psi or 303,369 Pa), and increased from 63.6% to 88.1% (increased by 38.5%) at a lower pelleting pressure level (25 psi or 172,369 Pa) due to interaction effects between pelleting pressure and ultrasonic power, when ultrasonic power increased from 25% to 50%. Thus, ultrasonic power has a higher effect on pellet durability when the level of pelleting pressure is lower. interaction effect between pelleting pressure and ultrasonic power on pellet durability were investigated. As shown in Figure 8a , the pellet durability increased from 86.8% to 91.4% (increased by 5.3%) at a higher pelleting time level (60 s), and increased from 72.8% to 80.7% (increased by 10.9%) at a lower pelleting time level (30 s) due to the interaction effects between pelleting time and pelleting pressure, when pelleting pressure increased from 25 to 44 psi (172,369 to 303,369 Pa). It can be concluded that the effects of pelleting pressure on pellet durability were more significant at the lower level of pelleting time.
As shown in Figure 8c , the pellet durability increased from 73.8% to 92.7% (increased by 25.6%) at a higher pelleting pressure level (44 psi or 303,369 Pa), and increased from 63.6% to 88.1% (increased by 38.5%) at a lower pelleting pressure level (25 psi or 172,369 Pa) due to interaction effects between pelleting pressure and ultrasonic power, when ultrasonic power increased from 25% to 50%. Thus, ultrasonic power has a higher effect on pellet durability when the level of pelleting pressure is lower. The pellet durability in relation to pelleting time and ultrasonic power in a three-dimensional response surface. Ultrasonic power ranged from 25% to 50% and pelleting time ranged from 30 s to 60 s, respectively. (c) The pellet durability in relation to pelleting pressure and ultrasonic power in a three-dimensional response surface. Ultrasonic power ranged from 25% to 50% and pelleting pressure ranged from 25 psi to 44 psi, respectively.
Process Optimization for Achieving High Density and Durability Simultaneously
Since the pellet density and pellet durability is dependent on pelleting time, pelleting pressure, and ultrasonic power and their interaction effects (as demonstrated in previous Sections 3.2-3.5), a combined effect of the three input variables were optimized to achieve the desired value of pellet density and pellet durability. To accomplish this goal, a Derringer and Suich's function [42] was conducted, as a widely used multi-criterion decision-making method for process optimization [43] , to optimize the input variables for high density and durability simultaneously. By employing the function, the input factors that optimize (maximize or minimize) a combined desirability of response variables (using the geometric mean) can be obtained. A formulation of the Derringer and Suich's function was specified as follows:
In Equation (9), d i is defined as an individual desirability value with a range from 0 to 1. Each response (that is, the pellet density and pellet durability) was required to be converted into an individual desirability value to perform the Derringer and Suich's method. L represents the lowest acceptable response value, T denotes the target response value, and y are the predicted values from Equations (6) and (7) . In this study, L for pellet density and durability were set to 800 kg/m 3 and 80%, respectively. Similarly, T for pellet density and durability were set to 1300 kg/m 3 and 95%, respectively. Parameter r was set to 1 under an assumption that each response was equally important. After each response was calculated based on Equation (9), an overall desirability was given by
1/m (10) In Equation (10) , parameter m denotes the number of responses, so the above Equation can be further revised as follows:
By Equation (11), the pellet density and durability can reach 1239 kg/m 3 and 93% at the same time when the pelleting time is equal to 44 s, the pelleting pressure is equal to 42 psi (289,580 Pa), and the ultrasonic power is equal to 50%. To compare the results calibrated from the model, additional confirmation experiments were conducted to verify the simulation results. The pellet durability and pellet density collected from the experiments were compared to that estimated by the Derringer and Suich's desirability function, which demonstrated a good agreement in Table 8 . 
Conclusions
RSM has been successfully used and applied in many diverse areas such as biotechnology [44, 45] , chemical engineering [46, 47] , biofuel production [48] , energy consumption [49] , plant protection [50, 51] , and clinical practice [52, 53] . One major contribution of this methodology is to investigate and quantify the relationships between a set of input variables and outputs of interest. By employing RSM, one can develop mathematical models upon history data (for example, previous experiments). If the model setup is validated and correct, the proposed models can predict and suggest future trends of outputs without requiring additional experiments. Moreover, RSM can help optimize response variables (for example, outputs of interest) by exploring the underlying relationships between input variables and the response variables with a limited number of experiments [54] .
In this study, RSM was developed to predict the pellet density and durability in UV-A pelleting of sorghum stalks. By incorporating experimental data from the designed experiment into nonlinear models, the proposed method can predict the effects of pelleting time, pelleting pressure, and ultrasonic power on the pellet density and durability. It was found that three parameters (pelleting time, pelleting pressure, and ultrasonic power) significantly affected the pellet density and durability in UV-A pelleting. As observed in both the experimental and model results, the pellet density and durability escalated when the pelleting time, pelleting pressure, and ultrasonic power increased. Furthermore, the interaction effects including pelleting time × pelleting pressure, pelleting time × ultrasonic power, and pelleting pressure × ultrasonic power were significantly correlated to the pellet durability. An optimal pellet density and durability (1239 kg/m 3 and 93%) was obtained when the pelleting time was set at 44 s, the pelleting pressure was set at 42 psi (289,580 Pa), and the ultrasonic power was set at 50% based on the designed experiment. A set of confirmation experiments was conducted to validate the values predicted by the Derringer and Suich's desirability function. The results from this work demonstrated that RSM can successfully investigate the relationship between the response variable and its influencing variables with the least number of experiments. RSM can be recognized as a promising way to modeling and optimizing the UV-A pelleting and other types of manufacturing process. 
